The timing of cortical neurogenesis has a major effect on the size and organization of the mature cortex. The deletion of the LIMhomeodomain transcription factor Lhx2 in cortical progenitors by Nestin-cre leads to a dramatically smaller cortex. Here we report that Lhx2 regulates the cortex size by maintaining the cortical progenitor proliferation and delaying the initiation of neurogenesis. The loss of Lhx2 in cortical progenitors results in precocious radial glia differentiation and a temporal shift of cortical neurogenesis. We further investigated the underlying mechanisms at play and demonstrated that in the absence of Lhx2, the Wnt/β-catenin pathway failed to maintain progenitor proliferation. We developed and applied a mathematical model that reveals how precocious neurogenesis affected cortical surface and thickness. Thus, we concluded that Lhx2 is required for β-catenin function in maintaining cortical progenitor proliferation and controls the timing of cortical neurogenesis.
The timing of cortical neurogenesis has a major effect on the size and organization of the mature cortex. The deletion of the LIMhomeodomain transcription factor Lhx2 in cortical progenitors by Nestin-cre leads to a dramatically smaller cortex. Here we report that Lhx2 regulates the cortex size by maintaining the cortical progenitor proliferation and delaying the initiation of neurogenesis. The loss of Lhx2 in cortical progenitors results in precocious radial glia differentiation and a temporal shift of cortical neurogenesis. We further investigated the underlying mechanisms at play and demonstrated that in the absence of Lhx2, the Wnt/β-catenin pathway failed to maintain progenitor proliferation. We developed and applied a mathematical model that reveals how precocious neurogenesis affected cortical surface and thickness. Thus, we concluded that Lhx2 is required for β-catenin function in maintaining cortical progenitor proliferation and controls the timing of cortical neurogenesis.
cortical neurogenesis | Lhx2 | β-catenin U nderstanding how genetic mechanisms interact to set up a precise developmental timing is a fundamental issue in biology. In the cerebral cortex, excitatory neurons are generated by progenitor cells in the dorsal telencephalon (dTel) lining the lateral ventricle. During the early developmental stages, cortical progenitors undergo symmetric divisions, resulting in the proliferation of progenitors and thereby allowing expansion of the developing cortex. Soon after, cortical progenitors start generating distinct types of neurons through asymmetric differentiative divisions (1) (2) (3) (4) (5) . The precise timing of the switch from proliferative division to differentiative division is crucial to determining the number of cortical neurons, and thus the cortical size.
The switch from proliferation to differentiation is reportedly regulated by the canonical Wnt signaling pathway, in which β-catenin (β-Cat) is the major downstream effector. In the absence of Wnt signaling, β-Cat is phosphorylated by glycogen synthase kinase 3 and targeted for proteosome degradation. Once Wnt ligands bind to the Frizzled-Lrp5/6 receptors, the activity of glycogen synthase kinase 3-Axin-APC (adenomatous polyposis coli) destruction complex is inhibited. As a consequence, β-Cat accumulates in the cytoplasm, translocates to the nucleus, and activates downstream gene transcription together with the lymphoid enhancer-binding factor (LEF)/ T-cell factor (TCF) transcription factors (6) . Overexpression of the stabilized, N-terminally truncated form of β-Cat in cortical progenitors during early neurogenesis promotes their overproliferation (7, 8) , whereas inactivation of β-Cat in the cortex promotes neurogenesis (9, 10) . However, stabilized β-Cat was also shown to promote cortical progenitor differentiation (11) . Thus, it has been proposed that Wnt/β-Cat signaling promotes proliferation and differentiation of cortical progenitors at early and late developmental stages, respectively (12) . This raises the essential and largely open question of how Wnt/β-Cat regulates cortical progenitor proliferation and differentiation.
The LIM-homeodomain transcription factor Lhx2 plays an important role in cortical development. In the neocortex, Lhx2 is expressed by neocortical progenitors within the ventricular zone (VZ) of the dTel throughout cortical neurogenesis. Lhx2 was shown to play stage-specific roles determining the fate of cortical progenitors during early stages of corticogenesis (13) (14) (15) . Further, the mutant mice with Lhx2 deleted in the neural progenitors at embryonic day 11.5 (E11.5) by Nestin-cre exhibited a significantly smaller neocortex than WT mice (16) . Overall, these previous studies showed that Lhx2 is important for the determination and maintenance of neocortical progenitors, although how Lhx2 regulates the proliferation and differentiation of cortical progenitors is unclear.
In this study, we identified a role for Lhx2 in regulating the function of the Wnt/β-Cat signaling pathway in maintaining progenitor proliferation. The deletion of Lhx2 in cortical progenitors leads to a temporal shift of neurogenesis. We found that by regulating how cortical progenitors respond to Wnt/β-Cat signaling, Lhx2 regulates cortex size. By delaying neuronal differentiation and maintaining progenitor symmetric division, Lhx2 allows a suitable increase of the numbers of cortical progenitors needed to develop a proper cortex.
Results

Lhx2
Regulates the Timing of Sequential Cortical Neurogenesis. The deletion of Lhx2 in the cortical progenitors at E11.5 by Nestincre in Lhx2 conditional knockout (cKO, Lhx2 f/f :Nestin-cre) leads to a significantly smaller and thinner cortex, although all six
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The cerebral cortex is the most highly evolved structure in the human brain. Generating the correct number and types of neurons is crucial for brain function. We show a central role of the Lhx2 homeoprotein in this task: deleting Lhx2 in cortical progenitors leads to a temporal shift of neurogenesis initiation, resulting in a much smaller cortex with decreased numbers of neurons in all cortical layers. Further, we found that Lhx2 is required for the Wnt/β-catenin pathway to maintain progenitor proliferation. Using a parsimonious mathematical model, we demonstrated that such disruptions of neurogenesis timing are enough to explain the cortical size and thickness modifications observed. Our findings enlighten how neurogenesis timing is regulated molecularly and how it affects cortical size and organization.
cortical layers were generated in the cKO, and the relative positions of cortical neurons in each were generally normal (16 ) and Lhx2 cKO cortex, we analyzed the expression of cortical layer markers in P7 brains (17, 18) . We found that in both WT and cKO cortex, the CTGF (connective tissue growth factor)-expressing subplate neurons were distributed in a single layer. We used Brn2, Ctip2, and the Tbr1 expression domain to determine layers (L) 2/3, 5, and 6, respectively ( Fig. 1 A and A′) . We found that the number of cells in all layers all significantly decreased in cKO cortex (SI Appendix, Fig. S1 ). In WT cortices, almost all neurons generated at E11.5 contributed to the subplate, whereas most neurons generated at E13.5 and E15.5 contributed to the deep (L6, L5) and superficial (L2/3) layers, respectively ( Fig. 1 B  and C) (17) . In cKO cortices, although the inside-out organization was maintained, we found that neuronal birth dates shifted to earlier points. For example, in the cKO brain, most neurons born at E11.5 contributed to layer 6, and most neurons born at E13.5 contributed to superficial layers. In cKO cortices, the number of neurons generated at E15.5 dramatically decreased relative to WT, and these neurons were located superficially in layer 2/3 ( Fig. 1 B′ and C′). BrdU birth dating analyses suggested that Lhx2 deletion in cortical progenitors altered the timing of neurogenesis. To confirm this, we examined expression of neuronal markers at E13.5. We observed comparable numbers of Reelin-positive Cajal-Retzius cells in WT and cKO cortices, whereas the cortical plate, which is labeled by Tbr1, Ctip2, and Satb2, was relatively thicker in the cKO cortex (SI Appendix, Fig. S2 ). Overall, these findings confirmed that cortical neurons are produced earlier in Lhx2 cKO.
Neurogenesis and Radial Glia Differentiation Initiate Earlier in Lhx2
cKO. To demonstrate that the loss of Lhx2 leads to increased neurogenesis during early cortical development, we analyzed the production of divisions by cortical progenitors derived from E13.5 WT and cKO dTel. We cultured progenitors at clonal density for 24 h to allow them to divide once to form two-cell pairs. We observed significantly fewer two-cell pairs formed from cells from the cKO compared with WT dTel ( Fig. 2A) . We also stained the twocell pairs with antibodies against TuJ1 (neuron-specific class III b-tubulin) to label neurons and Sox2 (sex-determining region Yrelated HMG box 2) to label progenitors. Pairs were identified as symmetric proliferative (P-P) divisions to form two Sox2-positive progenitors, symmetric neurogenic (N-N) divisions to form two TuJ1-positive neuronal cells, or asymmetric (P-N) divisions with one Sox2-positive and one TuJ1-positive cell. In WT and cKO cortices, the percentage of N-N pairs was comparable. In WT cortex, the majority of the two-cell pairs were P-P, indicating proliferative division of most progenitors at this stage. We found that in cKO cortex, the percentage of P-P and P-N pairs was significantly decreased and increased, respectively (Fig. 2B ). This finding agreed with our previous report that Lhx2 deletion by Nestin-cre enhances neurogenesis, with an increased number of cortical progenitors exciting cell cycle at early developmental stages (16) .
To provide additional evidence to support that the deletion of Lhx2 leads to increased neurogenic progenitors, we examined the expression of neurogenic progenitor markers, such as Tis21 (Btg2) and Hes6 (19-21), in E12.5 WT and cKO cortices. We found significantly increased expression of Tis21 and Hes6 in the dTel VZ in Lhx2 cKO relative to WT ( Fig. 2 C, C′, D, and D′ and SI Appendix, Fig. S3 ), an effect consistent with increased neurogenesis in the cKO.
Our results suggested that neurogenesis initiates earlier in Lhx2 cKO, and thus we further examined whether the differentiation of radial glia, the neurogenic progenitors, occurs earlier in cKO. In the developing dTel, we defined radial glial cells (RGCs) with RGC markers Blbp (brain lipid-binding protein; or Fabp7, fatty acid binding protein 7), Glast (glial high-affinity glutamate transporter; or Slc1a3, solute carrier family 1 member 3), and TnC (Tenasin-C) (22) (23) (24) (25) (26) (27) . We found that all these RGC markers are precociously up-regulated in the VZ of cKO dTel. (Fig. 2 E, E′, F, and F′ and SI Appendix, Figs. S3 and S4). The precocious and cKO (A′) cortices. In both WT and cKO samples, six neuronal layers are present, including the Brn2-expressing L2/3 (2/3), Ctip2-expressing L5 (5), Tbr1-expressing L6 (6), and CTGF-expressing subplate (sp). (B and B′) Immunostaining for BrdU on coronal sections of P7 WT (B) and cKO (B′) cortices. BrdU was injected into pregnant mothers at E11.5, E13.5, or E15.5. BrdU injected at E11.5 labeled neurons distributed in the subplate in WT mice (arrowheads), but BrdU-labeled cells were detected in layer 6 in cKO mice. BrdU injected at E13.5 labeled neurons concentrated in layer 6 in WT mice, but E13.5 BrdU-labeled cells were spread to L2/3 in cKO mice. BrdU injected at E15.5 labeled many neurons in L2/3 in WT, but only a few superficially in L2/3 in cKO. (C and C′) Quantification of results from B and B′ indicating the location of BrdU-positive neurons in P7 WT and cKO cortices labeled at indicated times (n = 3). In a 100-μm-wide radial column, BrdU-labeled neurons were counted at 100-μm intervals from the subplate (defined as 0) to the pial surface. The percentage of BrdU-positive cells was calculated by determining the number of BrdU-positive cells in a 100 × 100 μm box divided by the total number of BrdU-positive cells in the entire radial column. (Scale bar, 100 μm.) expression of radial glial marker genes suggested that the neurogenic RGCs are precociously generated in the Lhx2 cKO. Together with the previous results, we concluded that the deletion of Lhx2 in the cortical progenitors by Nestin-cre results in an earlier neurogenic RGC differentiation and an earlier initiation of neurogenesis.
The smaller cortex phenotype could alternatively be the consequence of increased cell death in the cKO cortices. To test this hypothesis, we examined whether the deletion of Lhx2 causes increased cell death. We performed TUNEL analyses on E11.5, E12.5, E13.5, and E15.5 WT and cKO embryos. In general, very few apoptotic cells are present in the developing WT dTel, and we did not detect a measurable increase of apoptotic cells in the Lhx2 cKO dTel (SI Appendix, Fig. S5 ). As the decreased cortical size is apparent by E13.5, we concluded that cell death is unlikely to account for the change in cortical size in cKO.
dTel of Lhx2 cKO Mice Shows Misregulated β-Cat Transcriptional Activity. Canonical Wnt signaling reportedly governs whether cortical progenitors undergo proliferation or differentiation (28) . To establish a readout for activity of canonical Wnt signaling, we crossed Lhx2 cKO mice with the BAT-Gal reporter line, in which the β-Gal gene is regulated by TCF binding sites such that the reporter is activated by accumulated β-Cat in the nucleus (29) . Given the stage-dependent function of β-Cat in inducing proliferation or differentiation, we examined BAT-Gal reporter expression at several stages from E11.5 to E13.5 in the WT and cKO cortices. In WT cortices, LacZ-positive cells were distributed in a high/medial to low/lateral gradient in the dTel VZ, which correlates with the location of Wnt-expressing cortical hem cells located in the most medial part of the cortex (30) . The number of LacZ-positive cells increased in the cKO dTel VZ from E11.5 to E13.5, and these LacZ-positive cells were distributed throughout the entire VZ of the cKO dTel, even in the most lateral part (Fig. 3 A, A′ , B, and B′ and SI Appendix, Fig. S6 ). Thus, with the BAT-Gal reporter, we found that the transcriptional activity of canonical Wnt signaling is dramatically increased in the Lhx2 cKO. This is unexpected, given that the precocious neurogenesis we observed in Lhx2 cKO is similar to the phenotype of β-Cat deletion (9, 10).
We then examined whether the deletion of Lhx2 affects the expression of components in Wnt/β-Cat signaling pathway in a similar way as the BAT-Gal reporter. We examined the expression of genes involved in Wnt signaling during early cortical development in the cKO, including Wnt ligands Wnt3a and Wnt7b; Wnt antagonists Sfrp1 and Sfrp2; and Wnt downstream factors Axin2, Lef1, CyclinD1, and Ngn1 (11, 31) . We found no significant difference in the expression of most of these genes in the Lhx2 cKO dTel compared with WT from E11.5 to E13.5 ( Fig. 3 C, C′, D , and D′ and SI Appendix, Fig. S7 ). However, we did detect a dramatic up-regulation of Ngn1 (Fig. 3 E and E′) , a reported Wnt downstream target driving neuronal differentiation (11) . Further, the expression of Sfrp2 at the pallium-subpallium boundary is decreased in cKO at E13.5 (SI Appendix, Fig. S7 ). We found that in Lhx2 cKO, the high level of Wnt/β-Cat signaling transcriptional activity fails to increase the expression of many of the Wnt downstream genes, such as Axin2 and CyclinD1. We thus hypothesized that Lhx2 is required for the function of Wnt signaling.
Wnt/β-Cat Signaling Fails to Maintain Cortical Progenitor in the dTel
of Lhx2 cKO Mice. To examine the requirement for Lhx2 in the Wnt/ β-Cat signaling pathway to promote cortical progenitor proliferation, we compared the function of active β-Cat in WT and cKO cortical progenitors. We generated a Nestin-actβCat construct, in which a stabilized β-Cat with first 47-amino acid truncation is driven by the nestin enhancer and the hsp68 basal promoter (32) (Fig. 3F) to drive transcriptionally active β-Cat expression in VZ progenitors. In addition, we generated a CAG (CMV early enhancer/chicken β-actin promoter)-GFP construct, in which a GFP reporter is driven by a constitutively active CAG promoter (Fig. 3F) . In E13.5 dTel, we electroporated the CAG-GFP construct with or without the Nestin-actβCat construct and then analyzed distribution of GFP-expressing cells as the transfected cells at E15.5. In WT cortices transfected with CAG-GFP alone, most GFP-expressing cells were distributed in the intermediate zone and cortical plate, but not in the proliferative zone, VZ/SVZ (Fig. 3 G and I) . However, after cotransfection with the Nestin-actβCat construct in WT, a significantly increased number of transfected cells remained in the VZ and decreased number of transfected cells migrated to the cortical plate (Fig. 3 G′  and I ). To ensure that the increased number of the active β-Cat transfected cells in the VZ was not a result of migration defects of these cells, we stained them with a neuronal marker, TuJ1. We found that these VZ located cells do not express the neuronal marker (SI Appendix, Fig. S8 ). We thus concluded that the expression of active β-Cat in WT cortical progenitors maintains these progenitors in the proliferating zone.
We also electroporated CAG-GFP alone into the cKO dTel at E13.5, and we found, similar to in WT dTel, that most GFPexpressing cells were distributed in the intermediate zone and cortical plate at E15.5 ( Fig. 3 H and I) . When both CAG-GFP and Nestin-actβCat constructs were electroporated into the cKO dTel, most GFP-labeled cells still migrated to the cortical plate and did not stay in the VZ/SVZ (Fig. 3 H′ and I) . Our results here showed that in the absence of Lhx2, the cKO cortical progenitors do not remain in the proliferating zone in response to active β-Cat.
Our results demonstrated that Lhx2 is required for the function of β-Cat to promote cortical progenitor proliferation. We hypothesized that Lhx2 could act together with β-Cat to regulate the expression of genes governing progenitor proliferation. Pax6 is likely to be one of such genes, as it is a key regulator for cortical progenitor proliferation and neurogenesis (33) . Further, in cortical progenitors, the β-Cat/TCF complex was shown to activate Pax6 transcription by binding to the Pax6 promoter (34), and Lhx2 was also reported to directly regulate Pax6 expression by binding to its enhancers (35, 36) . We first confirmed that Pax6 is down-regulated in the cKO dTel at E12.5 (Fig. 4A) . We then performed luciferase reporter assays to analyze the function of Lhx2 and active β-Cat on regulating Pax6 expression. We compared the induction level of Lhx2, active β-Cat or Lhx2 and active β-Cat together on Pax6p, in which luciferase gene is under the control of the Pax6 promoter containing a β-Cat/TCF binding site (34) , and EtelAPax6p, in which luciferase gene is under the control of the Pax6 promoter and a Pax6 enhancer containing a Lhx2 binding site (35) . We found that EtelAPax6p can be induced by active β-Cat, as well as by Lhx2, while Pax6p can be induced by active β-Cat, but not by Lhx2. When both Lhx2 and active β-Cat were cotransfected, EtelAPax6p can be further induced to reach a significantly higher level than Pax6p (Fig. 4B) . These results suggested that Lhx2 and active β-Cat could collaboratively induce Pax6 expression (Fig. 4C) .
Timing of Neurogenesis Affects the Cortical Size. Our experimental data reveal that the deletion of Lhx2 leads to a significantly smaller cortex, which is associated with a precocious initiation of cortical neurogenesis. To demonstrate that this early neurogenesis can indeed account for the phenotype we observed in Lhx2 cKO, we developed a parsimonious mathematical model that simulates the sequence of divisions of progenitors during cortical neurogenesis (see details in SI Appendix). The model reproduces the sequences of progenitor divisions during corticogenesis (2); namely (i) symmetric division into two progenitors (proliferative phase); (ii) asymmetric Reporter activity without cotransfection of effectors was set as 1, and results are presented as fold of induction. The activity of Pax6p cannot be induced by Lhx2, but it can be induced by active βCat, and there is no further induction when Lhx2 and active βCat were both added (n.s, not significant). EtelAPax6p-Luc activity can be induced by Lhx2 and active βCat, individually. Lhx2 and active βCat together can further induce the activity of EtelAPax6p (P < 0.01; n = 3). (C) Model for Lhx2 and active βCat collaboratively regulate Pax6 expression. division into a progenitor and an intermediate progenitor, itself generating two neurons; (iii) asymmetric division into a progenitor and a neuron (ii and iii are neurogenesis phase); and (iv) loss of capacity to generate neurons (gliogenesis phase). When a neuron is generated, it is considered to belong to a specific layer according to the classical radial inside-out migration of neurons to the distinct layers, depending on their generation time (17, 37) . An example of the evolution of the number of progenitors and neuronal cells as a function of time in the model is provided in Fig. 5A . We used the model to investigate the causal relationship of the smaller and thinner cortex and the temporal shift of neurogenesis program in Lhx2 cKO (as shown in Fig. 1 ). The size of the cortical surface is directly related to the number of the progenitors lining the ventricular zone. As the number of progenitors is an exponential function of the duration of the proliferative phase, a shorter duration of the progenitor symmetric division period reduced the surface size of the cKO cortex ( Fig. 5 B and C and SI Appendix, Fig. S9 ). The thickness of the cortex is related to the number of neurons generated in a radial column and is governed by the duration of the neurogenesis phase (SI Appendix, Fig. S9 ). To generate a smaller and thinner cortex, we found that the durations of proliferative phase and the neurogenesis phases in Lhx2 cKO are shorter (Fig. 5 B, C, and D) .
In addition, the mathematical model provided us with further information on how to generate a thinner cortex with a disproportional change in the thickness of deep and superficial layers, as in the cKO cortices (as shown in SI Appendix, Fig. S1 ). We found that an early initiation of gliogenesis during the neurogenesis phase would lead to a more dramatic reduction of neuronal numbers in superficial layers than in deep layers. We tested this prediction experimentally and confirmed that the gliogenesis indeed initiates earlier in the cKO (SI Appendix, Figs. S9 and S10).
Discussion
In this study, we uncovered biological mechanisms regulating the timing of neurogenesis. We found that Lhx2 deletion by Nestin-cre leads to a shift of the sequential process of neurogenesis to an earlier time. We thus concluded that Lhx2 maintains cortical progenitors in proliferative state and delays the initiation of neurogenic differentiation at early developmental stages. This finding is consistent with the fact that Lhx2 expression in cortical progenitors decays during cortical development and that Lhx2 is expressed in a pattern opposite to that of neurogenesis: it forms a high/medial to low/lateral and high/caudal to low/rostral gradient, whereas neurogenesis initiates from the rostrolateral cortex, where Lhx2 is expressed at the lowest level (38) .
Further, we identified that Lhx2 is involved in the Wnt/β-Cat signaling pathway. This pathway is known to play important roles in regulating cortical neurogenesis; however, it was shown to induce both progenitor proliferation and differentiation, two contradicting events (28) . It has been difficult to analyze β-Cat function in knockout animals because mutants also show defects in cell adhesion and tissue integrity. Ectopic expression of Dkk1, a negative regulator of Wnt signaling pathway, in the developing cortex was used to reduce Wnt signaling activity while maintaining β-Cat function in cortical progenitors. It confirmed that Wnt signaling plays a positive role in the expansion of progenitors (39) . Recently, the role of β-Cat in cortical development was studied elegantly by constructing a mutant form of β-Cat with normal cell-cell adhesion activity, but defective transcriptional activity (40) . Interestingly, mice harboring this mutant form of β-Cat exhibited a phenotype similar to what we observe in Lhx2 cKO, including a temporal shift of neurogenesis and fewer neurons in both deep and upper cortical layers (40) .
As the deletion of Lhx2 resembles the loss of Wnt/β-Cat signaling activity, we expected to find decreased β-Cat transcriptional activity in Lhx2 cKO. However, with BAT-Gal reporter, we found an increase in β-Cat transcriptional activity in Lhx2 cKO dTel (Fig.  3) . Interestingly, we observed a discrepancy between the expression of the BAT-Gal reporter, a faithful reporter for Wnt/β-Cat signaling pathway in many systems (9, 29, 39, 41, 42) , and the known Wnt/β-Cat downstream genes, such as Axin2 and CyclinD1 (SI Appendix, Fig. S7 ). Only Ngn1, a neurogenic Wnt/β-Cat downstream gene (28) , is up-regulated in the Lhx2 cKO (Fig. 3) . We further confirmed that the loss of Lhx2 impairs cortical progenitor self-renewal promoted by Wnt/β-Cat signaling by showing that the expression of stabilized β-Cat maintains transfected cells in the ventricular zone in WT, but not in Lhx2 cKO (Fig. 3) . Thus, we proposed that Lhx2 is involved in directing the activity of the Wnt/β-Cat signaling pathway to promote progenitor proliferation, probably in a similar way as Axin, a component in the Wnt/β-Cat signaling pathway, directing the proliferation or differentiation choice in the intermediate progenitors (43) .
During cortical development, patterning centers express signaling molecules such as Fgfs and Wnts to establish expression patterns of transcription factors and regulate cortical neurogenesis and patterning. Several patterning transcription factors, including Emx2 (empty spiracles homeobox 2), COUP-TF1 (chicken ovalbumin upstream promoter transcription factor 1 or NR2F1), Pax6 (paired box 6), and Sp8 (trans-acting transcription factor 8), were shown to collaboratively regulate the proliferation and differentiation of cortical progenitors and cortical arealization (44). In cortical progenitors, these transcription factors establish a regulatory network, such as the reciprocal regulation between COUP-TF1 and Sp8 (45) , to coordinate multiple signaling pathways. For example, COUP-TF1 regulates progenitor proliferation and differentiation (46) and also plays an important role in regulating cortical areal patterning (47) . Similar to these patterning transcription factors, Lhx2 controls multiple aspects of cortical development. It is likely these different functions of Lhx2 are coordinated in cortical progenitors by interacting with other transcription factors during cortical neurogenesis. Further studies of genetic machinery regulated by Lhx2 and the interactions between Lhx2 and other transcription factors are needed to understand the mechanisms of the temporal regulation of neurogenesis.
Cortical size expansion and the increase in cortical neuronal number suggest that regulation of neurogenesis has changed over evolution (48, 49) . The mathematical model of cortical neurogenesis we developed provided insights on how the timing of different phases in neurogenesis affect the size and composition of the cortex. Our findings suggested that the intricate interplay between Lhx2 and Wnt/β-Cat signaling pathway, by modifying the timing of neurogenesis, appears to be a key regulatory mechanism in cortical evolution and may function in cortical developmental disorders, such as microcephaly.
Materials and Methods
The different mouse lines and antibodies used in this study, along with their sources and the detailed protocols for cell culture, luciferase reporter assays, and in utero electroporation, are described in SI Appendix, Materials and Methods. In situ hybridization and immunostainings were performed as described previously (14, 16) .
